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It is generally agreed that the disorder is the result of an inborn error of metabolism and it is thought that the condition is transmitted as a homozygous recessive gene . There is no definite knowledge of the aetiology of the condition but writers have suggested that there is an interference with the normal metabolic process: galactose+ATP galactkase_ galactose-l-phosphate +ADP uridyl transferase and galactose-l-phosphate galactowaldenase gl -- phosphate and that the transformation of galactose-l-phosphate to glucose-l-phosphate is the site of the disturbance, as there is a deficiency of one of the two enzymes, uridyl transferase or galactowaldenase, which catalyse this reaction (Kalckar, Braganca and Munch-Petersen, 1953; Trucco, Caputto, Leloir and Mittelman, 1948) . Galactose has always been implicated as the toxic agent, and the development of hepatomegaly, jaundice, cataract, mental retardtion, proteinuria, and, more recently, aminoaciduria, have been attributed to the damaging effect of this sugar on each of the organs concerned.
The objects of this communication are, first, to present two further cases of the condition with the results of routine investigations; next, to report the observations made on these children during milk or galactose feeding and, finally, to relate to these findings the biochemical studies of erythrocyte metabolism that have been made in the disease. In this way we shall endeavour to confirm the site of the interference and to indicate the nature of the metabolic upset.
Case Reports Case 1. E.F., a girl, was born on June 7, 1951, of a normal delivery (birth weight 8 lb. 15 oz., breast fed).
This was the sixth pregnancy, three had terminated with a miscarriage, one infant died aged 14 days, jaundiced, vomiting and with hepatomegaly: the coroner's necropsy report was 'fatty changes in the liver and liver failure'.
The other child is alive and well but has an abnormal galactose tolerance and is in much better health when milk is omitted from his diet.
On the fifth day of life vomiting began; a marked loss of weight (1 lb.) was observed, also jaundice which increased in intensity during the next five days. On the tenth day the liver was palpable two fingers below the right costal margin. A radiograph of the chest was normal as was a barium swallow. The child was noticed to be drowsy and inactive although she took her feeds well. The urine on examination was found to contain protein and a reducing substance.
On the tenth day of life glucose saline feeds were started and given for three days; vomiting ceased and the child appeared less lethargic. On June 20 when breast feeding was restarted, the vomiting began again and the lethargy became more apparent. On June 21 the blood sugar (total) was noted to be 225 mg. per 100 ml. The reducing substance in the urine was found to be non-fermentable sugar. By this time the weight loss was 20 oz. and the liver had enlarged yet further to three fingers below the costal margin. The On August 24 a special mixture of 'farex', egg and dextrimaltose was started. There was no gain in weight for 10 days but by September 3 her general condition had improved considerably. There was no vomiting, the stools were more normal and the skin infection had improved: in addition examination of the urine did not reveal any aminoaciduria. Later in the month the strength of the feeds was adjusted and a steady improvement in general condition was noted. By the beginning of October there was a marked regression of the cataracts, the left eye being quite clear. The liver was only one and a half fingers palpable below the costal margin and the spleen tip could just be felt. It was noted that the child passed appreciable quantities of urine of low specific gravity with a maximum specific gravity 1011 which occurred 11 hours after a feed. On November 28 the glucose tolerance test was repeated while on the lactosefree diet, and was shown to be normal. Early in December liver function tests were found to be normal and the intelligence of the child, as tested by the Gesell technique, did not seem to be impaired. In addition the fundi were quite normal and there was no abnormality of the media of the eyes.
On December 8, aged 6 months, she returned home weighing 11 lb. 3 oz.
She was readmitted on February 25, 1952, for further investigation. By this time she weighed 14 lb. 3 oz., the urine contained no reducing substances and the aminoacid chromatogram was normal. In addition the glucose tolerance test showed no abnormality. The liver was just palpable, the spleen was not felt, the eyes were normal. Her general condition was excellent.
Her urine output averaged 23 oz. a day for two days with a low specific gravity of 1002. On March 3 a halfcream National dried milk feed was begun. Reducing substances were discovered in the urine after two days and protein after four days; it was noted that the aminoaciduria began after four or five days. There was, interestingly enough, a reduction in the urinary output. By the eighth day there was a gross aminoaciduria and the liver had enlarged two fingers below the costal margin.
She was discharged home on March 12 when the special diet was started again. She has since made steady progress; her weight in March, 1953, was 22j lb., her general condition excellent and her intelligence normal. She was walking and talking, there was no hepatosplenomegaly but she was still intolerant of milk and her galactose tolerance was grossly abnormal.
Investigations made at this time showed that an aminoaciduria was produced when she was given milk feeds.
Further observations (vide infra) were made in October, 1954; in July, 1955 (aged 4 A blood count on August 10, 1951, gave: red cells 3-8 m., Hb 72%, leucocytes 8,800 (polymorphs 38%. lymphocytes 62%).
Renal function is described in the section on renal investigations.
Radiographs of the hands and wrists, skull and long bones (May 27, 1952) She has been under constant supervision since that date and has had two further admissions to hospital for additional observations. She was seen on January 14, 1955 (aged 13 months), and her weight was 184 lb. She walked and talked a little, was very active and happy and had a perfectly normal intelligence. Her general condition was good, the liver was not palpable, there was no evidence of cataracts and the urine examination revealed no abnormality.
She was also seen in July, 1955, a healthy, happy child weighing 23 lb. Her intelligence was tested at the time and found to be perfectly normal.
Routine Investigations of Case 2
The galactose tolerance test and glucose tolerance test are described in the sections on carbohydrate studies.
In February, 1954 , thymol turbidity was 6 units, serum alkaline phosphatase 23 units/100 ml., serum albumin 3-74 mg. %, and serum globulin 2 61 mg. %. (The child was not fully treated at this stage.) Full blood counts were all within normal limits and the clotting time, off milk, was 3 minutes, and on milk it was 5 minutes.
A radiograph of the skeleton was normal and the renal function tests will be discussed in the section on urinary investigations.
Carbohydrate Studies
We now present the results of investigations carried out on the two children while on milk or galactose feeding. The observations were made on five separate occasions (see Appendix).
Glucose Tolerance Tests. Glucose tolerance tests were carried out on both children whilst they were on milk-free diets (Table 1) . Both curves are somewhat flat but the amount of glucose given was relatively small (1 *25 g. per kg.). Galactose Tolerance Tests. These were abnormal with galactose indices above 600 (Fig. 1) . In one child (E.F.) the test was repeated at 2 years of age and showed no change for the better.
The depression of the blood glucose levels reported by several authors (Hudson et al., 1954; Townsend et al., 1951) was noted and on two occasions pallor, sighing respirations and sweating were observed during the investigation; in one case (A.K.) we are certain that the symptoms were related to a hypoglucosaemia (18 mg. per 100 ml.).
In the child A.K. the galactose tolerance test was repeated with the administration of 7 g. glucose simultaneously with the galactose (Fig. 2) . There was a definite modification of the curve (Bruck and Rapoport, 1945; Greenman and Rathbun, 1948; Wagner, 1943 Chromatography of Blood Sugars. On a galactose-free diet only glucose was detected but on a milk diet both glucose and galactose were found. No lactose was found in 0-15 ml. blood, indicating that the maximum blood lactose level was below 16 mg. per 100 ml.
Blood Glucose and Galactose Levels. No galactose was found either in the blood or in the urine when the children were on galactose-free diets, and the blood glucose levels, determined immediately before and two hours after feeds, ranged between 92 mg. and 113 mg. per 100 ml. blood.
An appreciable quantity of blood galactose was detected after 24 hours of milk feeding and the level continued to rise throughout the eight days of the observation (Table 2) . Once the milk feeding ceased, the blood galactose levels dropped rapidly and in one observation the level was zero 15 hours after the termination of a 10-day spell of galactose feeding, while in the other child galactose was not detected either in the blood or urine 24 hours after the milk diet had ceased.
The amounts of galactose excreted in the urine are listed below (Table 3 ). There is a steady rise in the Nil --excretion of the hexose until the end of the milk or galactose feeding whereafter there is a rapid fall in the amount of sugar in the urine. In one case no galactose was found in the urine during the second day after the test period. In both cases the blood galactose level returned to zero within 24 hours. Assuming that the lactose is completely absorbed from the gut it is possible to assess the proportion of galactose retained or utilized by the patient (Table 3) . It is immediately obvious that an appreciable proportion of the hexose is metabolized and this observation supports the statements of Bruck and Rapoport (1944) and Cusworth, Dent and Flynn (1955) .
The high value on day 8 may be due to the timing of micturition in relation to the start and finish of the day's collection. The volume of urine passed on day 8
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Results of Urinary Investigations
The presence of a gross aminoaciduria in untreated cases of galactosaemia was first described in 1952 (Holzel, Komrower and Wilson) , and several workers have confirmed these observations (Bickel and Hickmans, 1952; Bickel and Thursby-Pelham, 1954; Darling and Mortensen, 1954; Cusworth et al, 1955; Hsia, Hsia, Green, Kay and Gellis, 1954) . The amino-acid pattern has been essentially similar in all cases, with a predominance of the neutral simple aliphatic chain type, i.e., serine, glycine, alanine, threonine, glutamine and valine; in addition phenylalanine, lysine, cystine, glutamic acid, methylhistidine, tyrosine, and amino-iso-butyric acids have been detected in the urine of these infants (Fig. 3) .
In both our cases it was possible to restore the urine amino-acid pattern to normal by offering the infant a lactose-or galactose-free diet, and also to reproduce the abnormal picture by introducing adequate amounts of milk or galactose into the feed. In one child (E.F.) this observation was repeated at the age of 3 years 4 months after an interval of two years (Figs. 4, 5, 6, 7) .
The serial urine chromatograms and daily estimations of total urinary amino-nitrogen show that the outpouring of amino-acids begins on the fifth or sixth day of milk or galactose feeding and continues to increase up to the tenth day (no investigations have continued longer than this). The amino-aciduria declines quickly once the milk feeding ceases and the chromatogram picture takes approximately one week to return to normal (Fig. 8) .
The daily urine total nitrogen value remains fairly constant as does the urine urea-nitrogen (Fig. 9) ; there is, however, a marked increase in the daily urine aminonitrogen output during the feeding experiment.
A small number of plasma and blood oc amino-nitrogen levels were estimated (Table 4) ; some have been normal Slyke, 1943) .
but the blood levels estimated by the method of Frame, Russell and Wilhelmi (1943) , which is not completely specific, were slightly raised. There is, however, final evidence (Hsia et al., 1954; Cusworth et al., 1955) to confirm the original suggestion (Komrower, 1953) that there is a renal amino-aciduria with normal plasma levels of cx amino-nitrogen.
Proteinuria. This has been reported in all the early cases of galactosaemia described in the literature; in our observations it appeared without fail within 48 hours of milk or galactose feeding and increased steadily until the end of the regime, substantial quantities of protein being excreted. The proteinuria diminished rapidly following the cessation of the milk feeding and disappeared after four or five days (Fig. 10) . Electrophoresis of these urines revealed the normal range of plasma proteins.
Blood Urea. Blood urea determinations were made on three occasions and in each instance the result was within normal limits (24 mg.-33 mg. per 100 ml. blood).
Specific Gravity. The specific gravity of the urines varied considerably and revealed an ability to dilute and concentrate normally (Child E. F., fasting, sp. gr. 1018 and 1011; one hour after a feed sp. gr. 1001. We only obtained random determinations on child A.K. and the range was sp. gr. 1001-1013). The daily excretion of creatinine was not affected by the giving of milk or galactose (Fig. 11) .
Excretion of Sodium, Potassium and Salt. A single study was made on child A.K. on November 19, 1954. The same daily diet was given all through the period of observation and she did not vomit on any of the three collection days; all the diet was taken each day. The child's motions were normal, apart from three loose stools during the last two hours of the final day.
There does not appear to be any significant alteration in the urinary excretion of sodium or potassium during the feeding experiment (Table 5) . Acidosis. Although acidosis is included among the results of routine investigations by some workers, its presence was not commented upon until Arthurton and Meade (1954) suggested that it might be of renal origin. In the case described by Bruck and Rapoport (1945) a hyperchloraemic acidosis was noted but not discussed further.
An acidosis was noted in the elder child (E.F.) when she was 12 months of age and in the second child (A.K.) when she was 3 months old. The blood bicarbonate level returned to normal when a milk-or galactose-free diet was resumed (see Table 7 ). The urine pH determinations suggested the possibility of a renal acidosis similar to that found in hyperchloraemic renal acidosis, and we repeated the investigations at 3 years 4 months (E.F.) and 12 months (A.K.) hoping that this point would be clarified.
The results were unsatisfactory as we were unable to reproduce the acidosis in the 10-day period of galactose feeding to which we were limited. (We considered that any longer period would be unsafe.) The results, nevertheless, do give evidence (E.F., October 22, 1954) of an increase of serum chloride, diminished urine titratable acidity and ammonia content, with an increased urinary bicarbonate, suggesting that the acidosis may well be of renal origin (Table 8) . Blood and Plasma Phosphate Determinations Quantitative estimations of inorganic and total acidsoluble phosphate in whole blood and in plasma were made on one occasion before and during galactose feeding.
The methods used were those of Kuttner and Cohen (1927) for the inorganic P and of Fiske and Subbarow (1925) for total acid-soluble P; the difference between these figures gave us the ester P figure. Thus it was possible to calculate the inorganic and ester P of the erythrocytes based on an assumed haematocrit of 45%. The selection of this figure for purposes of calculation was felt to be justified because, on the one hand, there was no evidence of haemoconcentration or any reason to suspect it and, on the other, any changes in the P content of the erythrocytes would be underestimated (Table 9) . The figures show a definite reduction in the amounts of inorganic and ester P in the erythrocytes after a regime of galactose feeding (Fig. 12) . The galactose-l-phosphate was estimated at the same time (Schwarz, Golberg, Komrower and Holzel, 1956) and showed a considerable increase (Table 9) . Studies of Erythrocyte Metabolism A detailed description of the work carried out on certain aspects of erythrocyte metabolism in galactosaemia has been published (Schwarz et al., 1956) , and a summary of the findings will suffice here.
The oxygen uptake of normal erythrocytes is increased by the addition of galactose to a medium containing sub-optimal amounts of glucose. No such increase is observed with the erythrocytes of the galactosaemic patient.
The child's red cells after milk feeding have a lower oxygen uptake on a glucose substrate than the erythrocytes of the same individual before milk feeding is started (Fig. 13) . Thus there is a partial inhibition of metabolism of red cells on the milk diet; furthermore, an accumulation of galactose-l-phosphate was found in these erythrocytes and this observation was paralleled in vitro when erythrocytes from galactosaemic patients were incubated in galactose-containing media (Fig. 14) .
We have already stated that quantitative determination of inorganic and total acid-soluble phosphorus and, by difference, ester phosphorus in whole blood and plasma has revealed a fall in inorganic phosphate and total red cell phosphate esters and these changes lend support to the suggestion that normal metabolic processes are partially inhibited. 
Discussion
It has frequently been suggested that galactose is a toxic substance (Cox and Pugh, 1954; Mitchell and Dodge, 1935; Bray et al., 1952; Bruck and Rapoport, 1945; Donnell and Lann, 1951; Guha, 1931; Nelson, 1954) and that the clinical symptoms of galactosaemia are the result of galactose poisoning due to the accumulation of the sugar in the blood and tissues. It is difficult to verify this in vivo as it has been found impossible to produce blood levels of galactose comparable with those in galactosaemia by feeding the sugar to normal adults or near normal infants. From the work presented in this communication it seems possible that the classical symptoms of the disease may result from a disturbed cell metabolism due to the accumulation of galactose-l-phosphate in the tissues.
The presence of amino-aciduria, proteinuria and metabolic acidosis indicates a disturbance of the renal tubule which is, however, quickly corrected when milk or galactose is removed from the diet. The renal tubular upset does not extend to the excretion of potassium, sodium and water: the only careful observation we have been able to make of the salt and water excretion does not show any significant variation in the daily urinary excretion of these substances. One may postulate either a dysfunction of a particular portion of the renal tubule or a generalized disturbance of such a degree that only certain functions are affected.
It is also necessary to take into account the maturation of the kidney; the fact that, as the children grow older, it has proved easy to produce the proteinuria and amino-aciduria but not the acidosis, suggests a more rapid maturation of the tubule in respect of acid-base balance which is not paralleled in respect of protein and amino-acid re-absorption. In this context it is interesting to note that the average age of onset of idiopathic renal acidosis is approximately 6 months and that the disorder has corrected itself by the end of the second year of life (Latner and Burnard, 1950 Hypoglycaemia has been reported by several investigators to follow the administration of milk or galactose to a galactosaemic patient (Bruck and Rapoport, 1945; Cusworth et al., 1955; Hudson et al., 1954; Mason and Turner, 1935; Norman and Fashena, 1943 The evidence obtained from experiments in vitro with erythrocytes suggests that galactose itself has no toxic action on normal cells. It may well be that the accumulation of galactose-l-phosphate, which is peculiar to galactosaemic cells, is responsible for the partial inhibition of glucose metabolism. Thus the actual toxic agent may prove to be galactose-l-phosphate, or a metabolite derived from it. This would explain why some of the signs of galactosaemia, e.g., the amino-aciduria, persist for several days after the cessation of galactose feeding, although the blood galactose level has already returned to zero. Similarly, the amino-aciduria does not appear until four or five days after the beginning of galactose feeding, although blood levels are built up rapidly and galactose is excreted in the urine from the first day.
According to this concept it is the relative amounts of galactokinase and of the uridyl transferase and galactowaldenase system in a particular tissue which determine the rate of accumulation and disappearance of galactose-l-phosphate, and since there may be local variations in the ratio of these enzymes, one would expect a greater accumulation in a tissue where the ratio is high and hence a disturbance of function of that particular tissue.
The hypothesis presented appears to give a reasonable explanation of the widespread and frequently reversible symptoms and signs of galactosaemia which are described in our two cases and in those previously reported by other authors.
Summary
Two further cases of galactosaemia are presented with the results of clinical and biochemical investigations.
The effect of milk or galactose feeding for eight-or 10-day periods is described, with particular reference to blood glucose and galactose levels, galactose excretion, renal function and blood and plasma phosphorus levels.
Reference is made to the work carried out in certain aspects of erythrocyte metabolism in this disease.
The causation of the signs and symptoms of the disease is discussed in the light of the findings reported in this communication. The hypothesis is put forward that the varied manifestations of galactosaemia may be attributed to localized accumulation of galactose-l-phosphate within the tissues, and that the extent to which such accumulation occurs-and consequently the resulting lesion or impairment of function-is determined by the ratio of local concentration of enzymes concerned with the early stage of galactose metabolism. 
